Introduction {#s1}
============

The CD8 T cell immune response is an important component of the adaptive immunesystem. Upon pathogen invasion, antigen-presenting cells, such as dendritic cells (DCs), will process pathogens, and present antigen peptides to T cells in an MHC-restricted manner. The binding of the peptide-MHC complex to TCR, together with costimulatory molecules and cytokines, provides stimulating signals to T cells, which are vital for T cell activation. After activation, naïve CD8 T cells differentiate into functional cytotoxic T lymphocytes (CTLs, effector CD8 T cells) within secondary lymphoid tissue ([@B1]). Then, effector CD8 T cells recognize class I MHC-peptide (pMHC I) complexes on specific target cells in the periphery and ultimately induce the destruction of target cells.During acute viral infection, the majority of effector CD8 T cells die by means of apoptosis after antigen clearance; only \~5--10% of the cells survive and differentiate into memory CD8 T cells to establish long-term immune protection ([@B2]). On the other hand, viruses, such as HIV (human immunodeficiency virus), HBV (Hepatitis B virus), and HCV (Hepatitis C virus), evolved multiple strategies to escape from the surveillance of the immune system ([@B3]). As a result, those pathogens cannot be cleared effectively and achieve a high viral load in the host, placing CD8 T cells under sustained antigen exposure, and eventually leading to CD8 T cell exhaustion.

T cell exhaustion is a state of antigen-specific T cell dysfunction and subsequent physical deletion ([@B4]--[@B6]). During exhaustion, CD8 T cells upregulate an array of inhibitory receptors, including PD-1, LAG3, Tim3, CD160, and 2B4, and progressively lose effector functions and proliferative capacity. The loss of effector functions during CD8 T cell exhaustion occurs in a hierarchical manner: IL-2 production, high proliferation, and cytotoxic capacity are lost first, then the ability to produce tumor necrosis factor is often lost at an intermediate stage of exhaustion; advanced exhaustion leads to the partial or complete loss of the ability to produce large amounts of interferon-gamma (IFN-γ) or beta-chemokines or the ability to degranulate, which can be indicated by CD107a/b expression, and the final stage of exhaustion is the physical deletion of viral-specific T cells ([@B6]). However, exhausted CD8 T cells are not inert. Previous studies demonstrated that exhausted CD8 T cells retain suboptimal but crucial functions that limit viral replication in both SIV (Simian Immunodeficiency Virus) animal models and HIV patients ([@B7]--[@B9]) and even reserve certain function of restricting cancer progress ([@B10]). The underlying mechanisms of CD8 T cell exhaustion remain largely unclear. Recently, several transcription factors, such as T-bet, Eomes, FOXO1, NFAT, and Blimp ([@B11]--[@B15]), as well as cell metabolism ([@B16], [@B17]), and epigenetic ([@B18], [@B19]) regulation, have been reported to be involved in the regulation of CD8 T cell exhaustion. Regardless, the mechanisms by which exhausted CD8 T cells retain a certain level of function to restrict pathogens remain unclear.

The transcription factor T cell factor 1 (TCF1), encoded by *Tcf7*, is the downstream transcription factor of the canonical Wnt signaling pathway. TCF1 is important for T cell development and maturation ([@B20]). For CD4 T cell subsets, TCF1 has been reported to promote cell lineage commitment to the T helper type 2 (Th2) fate; however, TCF1 inhibits T helper type 1 (Th1) differentiation by inducing the expression of the transcription factor GATA3 and subsequently IL-4 while repressing interferon-γ (IFN-γ) production ([@B21]). We previously found that TCF1 functions as an important hub upstream of the Bcl6-Blimp1 axis to initiate and secure the differentiation of follicular helper T cells (Tfh) ([@B22]). For CD8 T cells, TCF1 favors the formation of memory CD8 T cells in a listeria infection model via inducing the expression of the transcription factor Eomes through direct binding ([@B23]). Recently, several groups have confirmed that during chronic viral infection, CD8 T cells expressing high levels of TCF1 (TCF1^high^) exhibited a stem-cell-like phenotype, which maintained a better proliferative capacity and could further differentiate into both TCF1^high^ and TCF1^low^ CD8 T cell subsets ([@B24]--[@B26]). Based on previous reports, we speculate that TCF1 may also play an important role in the regulation of CD8 T cell function during chronic infection.

In the present study, we investigated the role of TCF1 in regulating the effector function of exhausted CD8 T cells during LCMV chronic infection. We found that a substantial group of viral-specific CD8 T cells continually expressed TCF1 during chronic viral infection. The expression level of TCF1 positively correlated with the cytokine-producing ability of CD8 T cells and negatively correlated with the expression of inhibitory receptors of CD8 T cells. Using *Tcf7* knock-out mice and bone marrow chimeras, we demonstrated that a TCF1 deficiency in CD8 T cells intrinsically resulted in a decreased cell number and impaired the cytokine-producing capacity of antigen-specific CD8 T cells during LCMV chronic infection. A distinct transcriptional signature in TCF1-deficient CD8 T cells compared to WT CD8 T cells during chronic infection, indicating that TCF1 maintains the exhausted CD8 T cell transcriptional programming. The upregulation of TCF1 expression substantially increased the number of viral-specific CD8 T cells and enhanced their cytokine-producing ability. In summary, we found that TCF1 plays an important role in the maintenance of the viral-specific CD8 T cell pool as well as their effector function during chronic viral infection. We speculate that TCF1 can be exploited as a potential therapeutic target, through which we may be able to optimize the T cell immune response during chronic viral infections, such as HIV and even tumorigenesis.

Materials and Methods {#s2}
=====================

Mice, Virus, and GK1.5/Tamoxifen Treatment
------------------------------------------

*Tcf7*^*fl*/*fl*^ mice were provided by H.H. Xue (University of Iowa) with permission from the Institute Clinique de la Souris (part of the International Knockout Mouse Consortium). P14 (CD45.1) mice were provided by R. Ahmed (Emory University). Mice with transgenic expression of *Cd4-Cre*, mice with the ERT2-Cre knock-in, and C57BL/6J (CD45.1 and CD45.2) mice were purchased from Jackson Laboratory. The lymphocytic choriomeningitis virus (LCMV) clone 13 strain (Cl13) was provided by R. Ahmed (Emory University), and 2 × 10^6^ plaque-forming units (PFU) of virus were used to establish chronic infection in mice via intravenous injection. Wild-type mice, *Tcf* ^*fl*/*fl*^-CD4Cre mice, and their control littermates were infected at 6--10 weeks of age. Bone marrow chimeras were infected after 8--10 weeks of reconstitution. Mice infected with LCMV were housed in accordance with the institutional biosafety regulations of the Third Military Medical University. The anti-mouse CD4 antibody (GK1.5; BioXcell) was used to deplete CD4 T cells in mice via intravenous injection at a dose of 500 μg per mouse on day −1 and day 1 after LCMV Cl13 infection. Tamoxifen (T5648; Sigma-Aldrich) was injected intraperitoneally into mice at a dose of 1 mg per day per mouse. All mouse experiments were conducted in accordance with the guidelines of the Institutional Animal Care and Use Committees of the Third Military Medical University. This study was specifically reviewed and approved by the Laboratory Animal Welfare and Ethics Committee of the Third Military Medical University.

Flow Cytometry and Antibodies
-----------------------------

Flow cytometry data were acquired with a FACSCanto II (BD Biosciences) and were analyzed with FlowJo software (Tree Star). The antibodies and reagents used for flow cytometry staining are listed in [Supplementary Table 1](#SM1){ref-type="supplementary-material"}. For the detection of cytokine production, lymphocytes were stimulated for 5 h in the presence of the indicated peptide (0.2 μg/ml), Golgi Plug, Golgi Stop, anti-CD107a, and anti-CD107b antibodies (BD Biosciences). Intracellular cytokine staining for CD107, granzyme B, and Ki67 were performed with the Cytofix/Cytoperm Fixation/Permeabilization Kit (554714, BD Biosciences). Staining of TCF1, Id2, c-Myc, Nurr77, T-bet, Bcl6, EZH2, Eomes, and Bilmp1 was performed with the Foxp3/Transcription Factor Staining Buffer Set (00-5523; eBioscience). Staining for surface markers was performed in FACS buffer \[PBS containing 2% BSA or FBS (w/v)\]. Major histocompatibility complex (MHC) class I (H-2D^b^) tetramer specific for LCMV GP33-41 was provided by the tetramer core facility of the US National Institutes of Health (Emory). The MHC class I tetramer staining was performed by incubating the tetramer with cells for 30 min on ice.

Virus Titration
---------------

The LCMV Cl13 viral loads in the tissue samples were quantified via quantitative RT-PCR as previously described ([@B27]). After weighing and homogenizing harvested tissues from infected mice, total RNA was extracted from the tissue homogenate using an RNeasy Micro Kit (QIAGEN) and was subjected to reverse transcription using the ReverAid Minus First Strand cDNA Synthesis Kit (Thermo) following the manufacturer\'s instructions. A LCMV-specific glycoprotein primer (GP-R: 5′-GCAACTGCTGTGTTCCCGAAAC-3′) was used for cDNA synthesis. The qPCR assay with LCMV glycoprotein-specific primer pairs (GP-R, 5′-GCAACTGCT GTGTTCCCGAAAC-3′, and GP-F 5′-CATTCACCTGGAC TTTGTCAGACTC-3′) was used to evaluate the viral loads in the tissue samples. The Cq (quantification cycle) values from RNA samples of 10-fold serially diluted LCMV-Armstrong virus that was already titrated by plaque assay was used to establish a standard curve. The pfu of LCMV-Cl13 in tissues was calculated with the following formula: lg(pfu) = slope^\*^Cq+y-intercept; pfu/g = pfu calculated from above/tissue weight.

BrdU Incorporation Assay
------------------------

Infected mice were injected with a BrdU working solution at a dosage of 100 mg/kg body weight via intraperitoneal route. Mice were sacrificed approximately 3 h after BrdU injection. Then, the spleen was removed to isolate lymphocytes and conduct a flow cytometry analysis using a BrdU-APC Kit (BD Biosciences) following the manufacturer\'s instructions. Samples were acquired with a FACSCanto II (BD Biosciences) and were analyzed with FlowJo software (Tree Star). The BrdU-positive population indicates the newly proliferating cell subset after BrdU incorporation.

Retroviral Constructs and Transduction
--------------------------------------

The retroviral constructs MIGR1 (MSCV-IRES-GFP) and pMKO.1-GFP were obtained from H. H. Xue (University of Iowa) and R. Ahmed (Emory University), respectively. The *Tcf7* coding sequence (two isoforms, P33 and P45) was cloned into the backbone of MIGR1 to overexpress TCF1 in CD8 T cells. All sequences were verified by DNA sequencing. Retroviruses were packaged by transfection of 293T cells with the retroviral vectors and packaging plasmids pCL^eco^ and pMD2G. P14 cells were activated *in vivo* by the injection of 200 μg of peptide (LCMV glycoprotein amino acids 33--45) into P14 mice. Activated P14 cells were infected for 90 min at 37°C by centrifugation at 800 g with freshly harvested retrovirus supernatants, 8 μg/ml polybrene (H9268; Sigma-Aldrich) and 20 ng/ml IL-2 (130-098-221; Miltenyi Biotec). The transduced P14 cells were transferred into recipient mice, followed by infection of the host with LCMV Cl13.

Adoptive Transfer and Generation of Bone Marrow Chimeras
--------------------------------------------------------

A total of 2 × 10^3^ naïve CD45.1 P14 cells (or retrovirus-transduced P14 cells) was adoptively transferred into naïve wild-type (CD45.2) mice, which were infected intravenously with 2 × 10^6^ PFU of LCMV Cl13 strain on the following day. Bone marrow was collected from *Tcf7*^*fl*/*fl*^-CD4Cre or *Tcf7*^*fl*/*f*^ERT2-Cre mice (CD45.2) and C57BL/6J wild-type mice (CD45.1). Approximately 5 × 10^6^ cells of a 4:6 mixture of *Tcf7*^*fl*/*fl*^CD4Cre or *Tcf7*^*fl*/*f*^ERT2-Cre bone marrow and WT bone marrow were transferred intravenously into lethally irradiated (two doses of 550 rads each) WT recipients. Recipient mice were reconstituted for 8--10 weeks before infection with LCMV.

Quantitative RT-PCR
-------------------

For comparison of gene expression in *Tcf7*^−/−^ CD8 T cells and wild-type CD8 T cells, antigen-experienced exhausted CD8 T cells (CD44^hi^PD1^hi^) at 15 days after infection were sorted and subsequently lysed in TRIzol LS reagent (10296; Life Technologies). Total RNA was extracted and reverse-transcribed with a RevertAid H Minus First Strand cDNA Synthesis Kit (K1632; Thermo Scientific). The resulting cDNA was analyzed for the expression of various target genes with a QuantiTect SYBR Green PCR Kit (204143; Qiagen) and the corresponding primers on a CFX96 Touch Real-Time System (Bio-Rad) ([Supplementary Table 2](#SM1){ref-type="supplementary-material"}).

Statistical Analysis
--------------------

Statistical analysis was conducted with Prism 6.0 software (GraphPad). Heat map was generated via Morpheus (Morpheus, <https://software.broadinstitute.org/morpheus>). An unpaired two-tailed *t*-test with 95% confidence interval was used to calculate *P*-values. For retroviral transduction and bone marrow chimera experiments, a paired two-tailed *t*-test with 95% confidence interval was used to calculate *P*-values.

Results {#s3}
=======

TCF1 Is Continually Expressed in CD8 T Cells and Is Positively Correlated With Its Effector Functions During Chronic Viral Infection
------------------------------------------------------------------------------------------------------------------------------------

To analyze the kinetics of the expression of TCF1 in CD8 T cells and its correlation with CD8 T cell functions during LCMV chronic infection, P14 cells (CD45.1) expressing a GP33-specific transgenic T cell receptor were adoptively transferred into CD45.2 congenic wild-type (WT) C57BL/6J mice, then recipients were infected with LCMV Cl13 at 1 day after transfer. The results showed a sustained increase in the proportion of the TCF1^high^ population of P14 cells over time during chronic infection, and the percentage of TCF1^high^ P14 cells reached approximately 20% at the advanced stage (D30) of LCMV chronic infection ([Figure 1A](#F1){ref-type="fig"}). Furthermore, we found that the expression levels of CD107a/b and IFNγ in transferred P14 cells were positively correlated with TCF1 expression at day 15 post infection with Cl13 ([Figure 1B](#F1){ref-type="fig"}). The expression of inhibitory receptors, evidenced by PD1 and Tim3, in exhausted P14 cells was significantly higher in the TCF1^low^ population than that in the TCF1^high^ population ([Figure 1C](#F1){ref-type="fig"}). These data suggested that a substantial group of viral-specific CD8 T cells continually express a high level of TCF1 during LCMV chronic infection, and TCF1 may serve as a positive regulator of effector function in exhausted CD8 T cells.

![TCF1 is consistently expressed in viral specific CD8 T cell and correlated with CTL function. **(A)** Flow cytometry of viral specific CD8 T cells in the spleen of wild-type (CD45.2^+^) mice given adoptive transfer of P14 cells (CD45.1^+^), analyzed at either day 8, day 15, or day 30 after LCMV Cl13 infection. Percentages of TCF1^high^ P14 cells on each day post infection. **(B)** Flow cytometric histogram of CD107, IFNγ, or TNFα expression in TCF1^high^ (red) and TCF1^low^ (blue) P14 cells from the spleen of mice as in A at day 15 after LCMV Cl13 infection. **(C)** Quantification of the MFI of PD1 and Tim3 expression in TCF1^high^ (TCF1-hi) and TCF1^low^ (TCF1-lo) P14 cells from the spleen of mice as in A at day 15 after LCMV Cl13 infection. The *p*-value was calculated by a paired **(B,C)** *t*-test. Data are presentative of three independent experiments with at least four or five mice per group \[error bar **(A)**, s.e.m.\].](fimmu-10-00169-g0001){#F1}

*Tcf7* Deficiency Exacerbates CD8 T Cell Exhaustion in LCMV Chronic Infection
-----------------------------------------------------------------------------

Next, we crossed mice with *loxP*-flanked *Tcf7* alleles (*Tcf7*^fl/fl^) to mice expressing transgenic *Cre* recombinase from the T cell-specific *Cd4* promotor (CD4Cre) to generate mice with a conditional deletion of *Tcf7* in T cells (*Tcf7*^fl/fl^-CD4Cre mice) as we previously described ([@B22]). Both CD8 and CD4 T cells from *Tcf7*^fl/fl^-CD4Cre mice had largely abrogated TCF1 expression (Tcf7^−/−^ CD8 T cell). At day 8 post Cl13 infection, a significantly lower frequency and absolute number of either GP33- or NP396-tetramer-positive CD8 T cells, indicating viral-specific CD8 T cells, were observed in both the spleen and liver of *Tcf7*^fl/fl^-CD4Cre mice than those of WT (Tcf7^fl/fl^, WT) mice ([Figure 2A](#F2){ref-type="fig"}, [Supplementary Figure 1A](#SM1){ref-type="supplementary-material"}).

![TCF1 deficiency exacerbates CD8 T cell exhaustion in LCMV chronic infection. **(A)** Flow cytometry of CD8 T cells in the spleen or liver of either wild-type (WT, Ctrl) mice or *Tcf7*^fl/fl^-CD4Cre mice (Tcf7^−/−^) at day 8 after LCMV Cl13 infection. Percentage of viral specific (GP33-tetramer positive) CD8 T cells was indicated in either WT (Ctrl) or Tcf7^−/−^ group. **(B)** Flow cytometry of CD8 T cells in the spleen or liver of either WT (Ctrl) mice or *Tcf7*^fl/fl^-CD4Cre mice (Tcf7^−/−^) at day 8 post LCMV Cl13 infection after stimulation with LCMV peptide GP33 *in vitro* for 5 h. Frequency of Gzmb-, CD107-, or IFNγ-positive CD8 T cells (up), and its summarized results (middle), MFI of Gzmb, CD107, or IFNγ was calculated in those positive cell population (down). **(C)** Summary of viral load in spleen and liver from either WT (Ctrl) mice or *Tcf7*^fl/fl^-CD4Cre (Tcf7^−/−^) mice at day 15 after LCMV Cl13 infection. The *p*-value was calculated by an unpaired *t*-test. Data are representative of three independent experiments with at least five mice per group.](fimmu-10-00169-g0002){#F2}

We further conducted intracellular cytokine staining (ICS) of lymphocytes in the spleen of WT and Tcf7^−/−^ mice upon stimulation with a peptide (amino acids 33--41, GP33) of the LCMV glycoprotein *in vitro* at day 8 after Cl13 infection. A sharply decreased frequency of the Granzyme B-, CD107-, and IFNγ-positive population of CD8 T cells in *Tcf7*^fl/fl^-CD4Cre mice was observed compared to that in WT mice ([Figure 2B](#F2){ref-type="fig"}). The Tcf7^−/−^ CD8 T cells also showed significantly decreased medium fluorescence intensity (MFI) of IFNγ and CD107 in the positive population. ICS was also conducted under the stimulation of two other LCMV antigen peptides, GP276, and NP396. A similar phenotype was observed, in which the absolute number and proportion of the Granzyme B-, CD107-, and IFNγ-positive population were dramatically lower in *Tcf7*^−/−^ CD8 T cells than those of the control group; the MFI of IFNγ and CD107 were similarly changed ([Supplementary Figure 1B](#SM1){ref-type="supplementary-material"}). In addition, we analyzed the viral load at day 15 post Cl13 infection in either *Tcf7*^fl/fl^-CD4Cre mice or WT mice after excluding the CD4 T cell influence via injection of the CD4 T cell-depleting antibody GK1.5 at 1 day before infection. Significantly higher viral titers of Cl13 in *Tcf7*^fl/fl^-CD4Cre mice than that in WT mice were observed ([Figure 2C](#F2){ref-type="fig"}) which suggested that Tcf7-knock out in CD8 T cell further impaired the capacity to limit viral burden of exhausted CD8 T cells in a CD4 T cell-independent manner. The above data indicated that TCF1 positively regulates viral-specific CD8 T cell expansion and cytokine production during LCMV chronic infection, and the absence of TCF1 leads to the significant attenuation of viral-specific CD8 responses and a more exacerbated capacity to sustain viral replication during LCMV chronic infection.

TCF1 Intrinsically Regulates Exhausted CD8 T Cell Proliferation, Survival, and Cytokine Production
--------------------------------------------------------------------------------------------------

To eliminate the influence of abnormal CD4 T cell responses attributed to *Tcf7* deficiency on CD8 T cell function during infection, we depleted CD4 T cells via injecting mice with the depleting antibody GK1.5 before LCMV infection ([Supplementary Figure 2A](#SM1){ref-type="supplementary-material"}). We noted that CD4 T cells were barely detected in mice after GK1.5 administration ([Supplementary Figure 2B](#SM1){ref-type="supplementary-material"}). Without CD4 T cells, a significant decrease in the frequency and total number of GP33-tetramer positive *Tcf7*^−/−^ CD8 T cells in the spleen and liver tissues was observed compared to that in WT counterparts at day 8 post Cl13 infection ([Supplementary Figure 2C](#SM1){ref-type="supplementary-material"}). Viral-specific CD8 T cells expressed substantially high levels of PD1; however, the Tim3 and PD1 double-positive population (PD1^+^Tim3^+^) of viral-specific CD8 T cells in *Tcf7*^fl/fl^-CD4Cre mice was significantly higher than that in WT mice ([Supplementary Figure 2D](#SM1){ref-type="supplementary-material"}). Upon LCMV-GP33 peptide stimulation *in vitro*, the frequency of Granzyme B-, CD107-, and IFNγ-positive CD8 T cells sharply decreased in *Tcf7*^−/−^ CD8 T cells compared with that in WT CD8 T cells ([Supplementary Figure 2E](#SM1){ref-type="supplementary-material"}).

To further confirm the intrinsic regulation of TCF1 on CD8 T cells during chronic viral infection, we generated bone marrow chimera mice by reconstituting irradiated WT recipient mice (CD45.1) with a mixture of congenitally marked bone marrow cells from *Tcf7*^fl/fl^-CD4Cre donor mice (CD45.2, 30%) and WT donor mice (CD45.1, 70%) ([Figure 3A](#F3){ref-type="fig"}). GP33-tetramer staining data showed a dramatically decreased frequency of tetramer-positive viral-specific CD8 T cells in the Tcf7^−/−^ CD8 T cell (CD45.2) population than that in the WT (CD45.1) population at both day 8 and day 25 post Cl13 infection ([Figure 3B](#F3){ref-type="fig"}), suggesting that TCF1 is intrinsically required for CD8 T cell expansion and survival during LCMV chronic infection. This phenotypic difference is consistent in CD8 T cells from spleen and nonlymphoid tissues, such as the liver and lung ([Figure 3B](#F3){ref-type="fig"}). In addition, a BrdU incorporation assay at day 25 post infection with Cl13 further indicated that the proliferation of Tcf7^−/−^-exhausted CD8 T cells (PD1^+^CD8^+^) was significantly slower than that in the WT group ([Figure 3B](#F3){ref-type="fig"}), which corresponds with the sharp decrease in the expression level of the cellular proliferation marker Ki67 in Tcf7^−/−^ CD8 T cells ([Figure 3B](#F3){ref-type="fig"}). Meanwhile, despite the mild upregulation of Caspase 3, the frequency of apoptotic cells (AnnexinV^+^7AAD^−^) in Tcf7^−/−^ CD8 T cells was significantly higher than that in WT CD8 T cells ([Figure 3C](#F3){ref-type="fig"}). The anti-apoptosis marker Bcl2 was dramatically decreased in Tcf7^−/−^ CD8 T cells compared to that in WT CD8 T cells ([Figure 3C](#F3){ref-type="fig"}). Consistently, the ICS data presented substantial attenuation of Granzyme B, CD107, and IFNγ production in Tcf7^−/−^ CD8 T cells compared to WT CD8 T cells at both day 8 and day 25 after Cl13 infection ([Figure 3D](#F3){ref-type="fig"}). The above data suggested that TCF1 is intrinsically crucial for maintaining the cell population and producing cytokines in exhausted CD8 T cells.

![TCF1 intrinsically regulates CD8 T cell responses in LCMV chronic infection. **(A)** Experimental setup of establishment of bone marrow chimera mice via reconstituting irradiated WT recipient mice (CD45.1) with a mixture of congenitally marked bone marrow cells from *Tcf7*^fl/fl^-CD4Cre donor mice (CD45.2, 30%) and WT donor mice (CD45.1, 70%) (upper right). Percentage of viral specific (GP33-tetramer positive) CD8 T cells in either WT (CD45.1) or *Tcf7*^fl/fl^-CD4Cre (Tcf7^−/−^, CD45.2) cell population in the spleen, liver, or lung at day 8 or day 25 post LCMV Cl13 infection. **(B)** Summary of frequency of recently proliferating exhausted CD8 T cells via incorporating BrdU and Ki67 staining in PD1^+^ CD8^+^ T cells in the spleen of either WT (Ctrl) mice or *Tcf7*^fl/fl^-CD4Cre mice (Tcf7^−/−^) at day 25 after LCMV Cl13 infection. **(C)** Summary of frequency of Caspase 3-, Bcl2-postive, and apoptotic (Annexin V^+^7AAD^−^) CD8 T cells in the spleen of either WT (Ctrl) mice or *Tcf7*^fl/fl^-CD4Cre mice (Tcf7^−/−^) at day 25 after LCMV Cl13 infection. **(D)** Flow cytometry of CD8 T cells in the spleen or liver of either WT (Ctrl) mice or *Tcf7*^fl/fl^-CD4Cre mice (Tcf7^−/−^) at day 8 and day 25 post LCMV Cl13 infection after stimulation with LCMV peptide GP33 *in vitro* for 5 h. Percentage of Gzmb-, CD107-, or IFNγ-positive CD8 T cells (up), and summarized results (medium), MFI of Gzmb, CD107, or IFNγ was calculated in those positive cell population (down). The *p*-value was calculated by a paired *t*-test. Data are representative of three independent experiments with at least four or five mice per group.](fimmu-10-00169-g0003){#F3}

TCF1 Regulates CD8 T Cell Function at Both Early and Advanced Stages
--------------------------------------------------------------------

Chronic viral infection is a dynamic process balancing the metastable equilibrium between CD8 T cells and pathogens ([@B3]). Although several previous studies have demonstrated the memory- or progenitor-like function of TCF1^high^ CD8 T cells at the late stage of LCMV chronic infection ([@B25], [@B26]), whether TCF1 regulates viral-specific CD8 T cell responses at the early effector stage remains unclear. Based on the above results demonstrating the positive role of TCF1 in regulating CD8 T cell effector function, we further investigated the role of TCF1 in regulating CD8 T cell function during the effective stage via an inducible knock-out of *Tcf7*. We crossed mice expressing a tamoxifen-sensitive estrogen receptor variant fused to transgenic *Cre* recombinase (ERT2Cre) with *Tcf7*^fl/fl^ mice to generate *Tcf7*^fl/fl^-ERT2Cre mice for an inducible deletion of *Tcf7* at different phases of infection. Mice were intraperitoneally injected with tamoxifen at 10 days after Cl13 infection (Strategy I) or 4 days before Cl13 infection (Strategy II) to knock out TCF1 expression in T cells of *Tcf7*^fl/fl^ERT2-Cre mice at either the advanced or early stage of Cl13 chronic infection ([Figures 4A,E](#F4){ref-type="fig"}). Flow cytometry data confirmed that TCF1 expression was efficiently reduced after tamoxifen treatment in *Tcf7*^fl/fl^-ERT2Cre CD8 T cells ([Figure 4B](#F4){ref-type="fig"}).

![TCF1 regulates CD8 T cell responses at both early and advanced stage in LCMV chronic infection. **(A)** Experimental setup of inducible knock-out of TCF1 in *Tcf7*^fl/fl^-ERT2Cre mice at day 10\~16 post LCMV Cl13 infection \[strategy I **(C,D)**, delete *Tcf7* at advanced stage of chronic infection\] via intraperitoneal injection with tamoxifen. **(B)** Flow cytometric analysis of TCF1 expression in CD8 T cell of tamoxifen-treated WT (Ctrl) mice or *Tcf7*^fl/fl^-ERT2Cre (Tcf7^−/−^) mice at day 25 after LCMV Cl13 infection. **(C)** Flow cytometry of GP33-tetramer positive CD8 T cells (upper left) and expression of PD1 and Tim3 in these positive populations (low left) in the spleen of *Tcf7*^fl/fl^-ERT2Cre mice treated with either tamoxifen (Tam) or vehicle (Veh) alone (strategy I) at day 25 post LCMV Cl13 infection. **(D)** Frequency of CD107-, IFNγ-, or TNFα-positive cells in CD8 T cells and MFI of CD107, IFNγ TNFα in those positive populations in the spleen of mice as in **(C)**. **(E)** Experimental setup of inducible knock-out of TCF1 in *Tcf7*^fl/fl^-ERT2Cre mice at day-4\~0 before infection with LCMV Cl13 strain \[strategy II **(F--H)**, delete *Tcf7* at early stage of chronic infection\] via intraperitoneal injection with tamoxifen. **(F)** Flow cytometry of CD8 T cells in the spleen of *Tcf7*^fl/fl^-ERT2Cre mice treated with either tamoxifen or vehicle alone (strategy II) at day 25 post LCMV Cl13 infection, frequency, and number of GP33-tetramer positive cells were indicated. **(G)** Flow cytometric histogram of PD1, Tim3, and 2B4 expression in GP33-tetramer positive CD8 T cells in the spleen of mice as in **(E,H)** CD107, IFNγ, and TNFα expression in GP33-tetramer positive CD8 T cells in the spleen of mice as in **(E)**. The *p*-value was calculated by an unpaired *t*-test. Data are representative of three independent experiments with at least five mice per group.](fimmu-10-00169-g0004){#F4}

When deleting *Tcf7* at an advanced stage of Cl13 chronic infection via intraperitoneally injecting mice with tamoxifen at 10\~13 days after infection, we observed that the frequency and absolute number of the GP33-tetramer-positive CD8 T cell population were significantly decreased, and the expression levels of inhibitory receptors (PD1 and Tim3) on viral-specific CD8 T cells were significantly increased in *Tcf7*^fl/fl^-ERT2Cre mice at 25 days after infection ([Figure 4C](#F4){ref-type="fig"}). Meanwhile, compared with the control *Tcf7*^fl/fl^-ERT2Cre mice that were treated with vehicle, the frequency of CD107-, IFNγ-, and TNFα-positive CD8 T cells from tamoxifen-treated *Tcf7*^fl/fl^ERT2-Cre CD8 T cells was significantly lower ([Figure 4D](#F4){ref-type="fig"}, [Supplementary Figure 3A](#SM1){ref-type="supplementary-material"}). Furthermore, the MFI of CD107 in the positive populations dramatically decreased in tamoxifen-induced Tcf7^−/−^ CD8 T cells ([Figure 4D](#F4){ref-type="fig"}). On the other hand, when deleting *Tcf7* at an early stage of Cl13 chronic infection (4 days before infection) ([Figure 4E](#F4){ref-type="fig"}), a significantly decreased frequency and total number of GP33-tetramer-positive CD8 T cells in the tamoxifen-treated group were observed at 25 days after infection ([Figure 4F](#F4){ref-type="fig"}), accompanying the prominent increase in the expression of inhibitory receptors, such as PD1, Tim3, and 2B4 ([Figure 4G](#F4){ref-type="fig"}). According to ICS, a substantial attenuation of CD107, IFNγ, and TNFα production in *Tcf7*^−/−^ CD8 T cells was observed upon GP33 peptide stimulation *in vitro* ([Figure 4H](#F4){ref-type="fig"}, [Supplementary Figure 3A](#SM1){ref-type="supplementary-material"}). In addition, we confirmed the intrinsic role of TCF1 in the regulation of CD8 T cells in the *Tcf7*^fl/fl^-ERT2Cre system via a bone marrow chimera model, which was treated with tamoxifen before (Strategy II) or after (Strategy I) Cl13 infection as described above ([Supplementary Figure 3B](#SM1){ref-type="supplementary-material"}). In this *Tcf7*^fl/fl^-ERT2Cre chimeric model, we observed a dramatically decreased frequency of GP33-tetramer-positive cells in *Tcf7*^fl/fl^-ERT2Cre CD8 T cells compared to that derived from WT donor CD8 T cells in both strategies ([Supplementary Figure 3C](#SM1){ref-type="supplementary-material"}). The CD107, IFNγ, and TNFα expression level in TCF1-deficient CD8 T cells was significantly lower than that of WT CD8 T cells ([Supplementary Figure 3D](#SM1){ref-type="supplementary-material"}). The above data suggested that TCF1 positively regulates viral-specific CD8 T cell function at both the early and advanced phases of LCMV chronic infection.

Exhausted CD8 T Cells With TCF1 Deficiency Present Distinct Transcriptional Signatures During Chronic Infection
---------------------------------------------------------------------------------------------------------------

Previous studies demonstrated that exhausted CD8 T cells have unique gene expression profiles that are different from memory, naïve, or anergic CD8 T cells ([@B28]). Therefore, we sorted antigen-experienced exhausted CD8 T cells (CD44^hi^PD1^hi^) at 15 days after infection to extract total RNA of the different subsets of CD8 T cells and conduct array of quantitative real-time PCR (qRT-PCR) to profile the transcriptional signatures of exhausted *Tcf7*^−/−^ CD8 T cells. We divided the selected genes into three groups: genes in group A were related to cytokine production and cytolysis; genes in group B encode several transcription factors that were previously reported to be involved in the regulation of CD8 T cell responses to viral infection; and genes in group C were associated with CD8 T cell migration and chemotaxis. By qRT-PCR, we noted that the mRNA levels of cytokine and cytotoxic associated genes, such as *Cd107, Perforin, Ifn-*γ, *Tnfa*, were sharply reduced in exhausted *Tcf7*^−/−^ CD8 T cells than those in exhausted WT CD8 T cells ([Figure 5A](#F5){ref-type="fig"}, [Supplementary Figure 4A](#SM1){ref-type="supplementary-material"}). The levels of transcription factors crucial for CD8 T cell differentiation and antiviral responses, such as *Foxo1, Zeb2, Id3*, and *Eomes*, also decreased ([Figure 5A](#F5){ref-type="fig"}, [Supplementary Figure 4A](#SM1){ref-type="supplementary-material"}). Moreover, *Cxcr5*, which has been reported to positively associate with CD8 function during chronic infection ([@B24], [@B29]), was dramatically downregulated in exhausted *Tcf7*^−/−^ CD8 T cells ([Figure 5A](#F5){ref-type="fig"}, [Supplementary Figure 4A](#SM1){ref-type="supplementary-material"}).

![Distinct molecular signatures of TCF1 deficient CD8 T cells. **(A)** Heat map of selected genes expressed in exhausted WT and Tcf7^−/−^ CD8 T cells from mice infected with LCMV Cl13 strain. **(B)** Expression (calculated as MFI) of selected gene in viral specific CD8 T cells from spleen of bone marrow chimeras as in [Figure 3A](#F3){ref-type="fig"}. **(C)** Number and frequency of CXCR5^+^CD8^+^ T cells in the spleen of either WT (Ctrl) mice or *Tcf7*^fl/fl^-CD4Cre mice (Tcf7^−/−^) at day 8 post LCMV Cl13 infection. **(D)** Frequency of GP33-tetramer positive CD8 T cells in the spleen of either WT (Ctrl) mice or *Tcf7*^fl/fl^-CD4Cre mice (Tcf7^−/−^) at day 15 post LCMV Cl13 infection following intravenous injection of αPD-L1 antibody at day 10 post-infection. The *p*-value was calculated by an unpaired *t*-test **(C,D)** or a paired *t*-test **(B)**. Data are representative of three independent experiments with at least three or four mice per group.](fimmu-10-00169-g0005){#F5}

In the *Tcf7*^fl/fl^-CD4Cre bone marrow chimeras at 25 days after infection with LCMV Cl13 stain, we further confirmed the significantly reduced expression of Bcl6 and Eomes which have been confirmed to be crucial factors that regulate CD8 T cell functions ([@B13], [@B26], [@B30]--[@B32]) in exhausted *Tcf7*^−/−^ CD8 T cells via flow cytometry analysis ([Figure 5B](#F5){ref-type="fig"}, [Supplementary Figure 4B](#SM1){ref-type="supplementary-material"}). In our previous study, we found that the CXCR5^+^ CD8 T cells with *Id2* deficiency express lower level of inhibitory receptors and produce higher effect factors ([@B29]). A significant decreased transcriptional level of *Id3* ([Figure 5A](#F5){ref-type="fig"}) and increased expression level of Id2 ([Figure 5B](#F5){ref-type="fig"}) detected via flow cytometry analysis were observed, suggesting that the imbalance of Id2/Id3 may involve in the deterioration of *Tcf7*^−/−^ exhausted CD8 T cells. The inconsistence of expression levels of mRNA ([Figure 5A](#F5){ref-type="fig"}) and protein ([Figures 2B](#F2){ref-type="fig"}, [3D](#F3){ref-type="fig"}, [5B](#F5){ref-type="fig"}) of some genes (e.g., *Gzmb, Id2, Ezh2*) may due to the different models and/or possible post-transcriptional regulation of those genes. In addition, the frequency and total number of CXCR5^+^ CD8 T cells, which were reported to play positive roles in chronic viral infection ([@B24], [@B29]), were significantly decreased in *Tcf7*^−/−^ CD8 T cells at 8 days of Cl13 chronic infection ([Figure 5C](#F5){ref-type="fig"}). And consistently with previously researches, PD-1 pathway blockade via anti-PD-L1 antibody-treatment restored the population of exhausted viral-specific CD8 T cells (GP33-positive) in chronic infection ([@B33]) while *Tcf7*^−/−^ mice only presented a weak response to anti-PD-L1 antibody-treatment ([Figure 5D](#F5){ref-type="fig"}). Above results indicated that TCF1 reprograms exhausted CD8 T cell transcriptional profiling and is crucial for CD8 T cell effector functions.

Upregulation of TCF1 Enhanced CD8 T Cell Function During LCMV Chronic Infection
-------------------------------------------------------------------------------

Since TCF1 supports the CD8 T cell response against chronic viral infection in a cell-autonomous manner, in both the early phase (8 days post infection) and advanced phase (20 days post infection or later), by maintaining a virus-specific CD8 T cell pool as well as its effector function, we further investigated whether the upregulation of TCF1 could enhance the CD8 T cell response during LCMV chronic infection. A retroviral transduction system was used to overexpress the truncated (P33) and full-length (P45) isoforms of TCF1 in P14 cells (CD45.1). We transferred P14 cells, including transduced (GFP^+^) and nontransduced (GFP^−^) cells, into WT (CD45.2) recipient mice, and then infected recipient mice with Cl13 1 day after transfer ([Figure 6A](#F6){ref-type="fig"}). We noted that at 8 days after Cl13 infection, the ectopic expression of either isoform of TCF1 was substantially enhanced in the transduced P14 cells ([Figure 6B](#F6){ref-type="fig"}). We observed a significant decrease in the frequency of the PD1^+^Tim3^+^ population in transduced P14 cells than that in nontransduced P14 cells, and the MFI of Tim3 in its positive population agreed ([Figure 6C](#F6){ref-type="fig"}). In addition, compared to the control group in which P14 cells were transduced with an empty retroviral vector, P14 cells overexpressing P33, or P45 substantially increased the frequency of the CD107-, IFNγ-, and TNFα-producing populations upon GP33 peptide stimulation *in vitro* ([Figure 6D](#F6){ref-type="fig"}). The MFIs of CD107, IFNγ, and TNFα in cytokine-producing P14 cells were significantly enhanced by TCF1 overexpression as well ([Figure 6D](#F6){ref-type="fig"}).

![Upregulation of TCF1 enhanced exhausted CD8 T cell function. **(A)** Experimental setup of retroviruses mediated overexpressing P33 or P45 in viral specific CD8 T cells (P14 cells) and analysis of introduced P14 cell (GFP^+^) at day 8 post LCMV Cl13 infection. **(B)** MFI of TCF1 in GFP^+^ P14 cells in recipient mice at day 8 after LCMV Cl13 infection. **(C)** Flow cytometry of GFP^+^ P14 cells in the spleen of recipient mice as in **(B)** (left), and summary of the frequency of PD1+Tim3+ double positive cells and MFI of PD1 and Tim3 in those positive populations (right). **(D)** Flow cytometry of GFP^+^ P14 cells as in B, percentage of CD107-, IFNγ-, or TNFα-positive cells (left), and the summarized results (upper right). MFI of CD107, IFNγ, and TNFα were calculated in those positive populations (lower right). **(E)** Experimental setup of upregulation TCF1 expression via BIO treatment. **(F)** MFI of TCF1 in CD8 T cells in spleen of mice treated with BIO or vehicle at day 8 after LCMV Cl13 infection. **(G)** Flow cytometry of GP33-tetramer positive CD8 T cells (up) and expression of PD1 and Tim3 (down) in the spleen of mice treated with either BIO or vehicle (Veh) alone as in **(F)**. **(H)** Frequency of CD107- or IFNγ-positive cells in viral specific CD8 T cells and MFI of CD107, IFNγ in those positive populations in the spleen of mice as in **(F)**. **(I)** Summary of viral load in serum from either WT (Ctrl) mice or *Tcf7*^fl/fl^-CD4Cre (Tcf7^−/−^) mice at day 15 after LCMV Cl13 infection following intraperitoneal injection with either BIO or vehicle as **(E)**. The *p*-value was calculated by an unpaired *t*-test. Data are representative of three independent experiments with at least four mice per group.](fimmu-10-00169-g0006){#F6}

Since TCF1 is a downstream target of the canonical Wnt signaling pathway, we utilized the Wnt signaling agonist (2′Z,3′E)-6-Bromoindirubin-3-oxime (BIO) to activate the Wnt signaling pathway ([@B23], [@B34]) in mice infected with Cl13 ([Figure 6E](#F6){ref-type="fig"}). The data showed that BIO administration sufficiently promotes the expression of TCF1 in CD8 T cells from treated mice ([Figure 6F](#F6){ref-type="fig"}). At 8 days after Cl13 infection, a slightly increased number of GP33-tetramer-positive CD8 T cells and substantially decreased inhibitory receptor expression in BIO-treated mice were observed, compared to vehicle-treated control mice ([Figure 6G](#F6){ref-type="fig"}). Significantly enhanced intracellular cytokine production in CD8 T cells from BIO-treated mice has also been observed in accordance with a TCF1 overexpression model ([Figure 6H](#F6){ref-type="fig"}, [Supplementary Figure 5](#SM1){ref-type="supplementary-material"}). Furthermore, we found that BIO-treatment decreased viral load in Cl13-infected WT mice, but not in *Tcf7*^−/−^ counterparts ([Figure 6I](#F6){ref-type="fig"}). The above data demonstrated that the upregulation of TCF1 expression is sufficient to alleviate CD8 T cell exhaustion via reducing inhibitor receptor (especially Tim3) expression and enhancing cytokine production in viral-specific CD8 T cells.

Discussion {#s4}
==========

Although dysfunctional and hyposensitive, exhausted CD8 T cells still play an indispensable role in balancing persistent pathogen and host immune restriction ([@B9]). However, how exhausted CD8 T cells maintain their population and residual effector function remain unclear. In a previous study, we identified a population of CD8 T cells expressing CXCR5, which plays a critical role in controlling viral replication during LCMV Cl13 infection ([@B29]). This CXCR5-expressing subset was confirmed to contribute to the proliferation burst after PD1 blockade therapy in mice chronically infected with LCMV and that synchronously highly expressed TCF1 ([@B24]). Afterward, two groups suggested that the TCF1-expressing exhausted CD8 T cells are memory-like and sustain the long-term CD8 response to chronic viral infections via retaining the proliferative capacity, regeneration, and differentiation of CD8 T cells ([@B25], [@B26]). TCF1 is required for the differentiation and maintenance of the memory CD8 T cell pool ([@B23], [@B35], [@B36]). Except for the memory-like or progenitor-like roles of TCF1^high^ CD8 T cells during chronic viral infection, we wondered whether TCF1 regulates CD8 T cell effector function during chronic infection.

In the present study, the kinetics of TCF1 expression in viral-specific CD8 T cells during LCMV Cl13 chronic infection indicated that a population of exhausted CD8 T cells substantially and continually expresses TCF1 during chronic infection, which is consistent with previous studies suggesting that TCF1^high^ CD8 T cells exist in exhausted CD8 T cells and serve as progenitors to maintain the CD8 T cell population during chronic infection ([@B25], [@B26]). *Tcf7* knock-out in T lymphocytes results in attenuated cell proliferation, apoptosis tendency, and decreased production of both cytokine (IFNγ, TNFα) and degranulation-related markers (CD107a/b, granzyme B) in viral-specific CD8 T cells during chronic LCMV infection. Data from the inducible knock-out *Tcf7*^fl/fl^-ERT2Cre mice infected with Cl13 suggested that the positive role of TCF1 in the regulation of exhausted CD8 T cell effector functions occurred at both the early and advanced stages of chronic infection. Our study demonstrates that TCF1 supports sustaining exhausted CD8 T cell effector function, which is important for controlling viral replication during chronic viral infection. TCF1 is essential for T cell fate commitment and facilitates mature T cell responses ([@B20], [@B37]). TCF1 deficiency diminished effector CD8 T cell function only in modest ways during acute infection ([@B23], [@B38]); however, the roles of TCF1 in CD8 T cell effector function during chronic infection were usually overlooked despite the important role of exhausted viral CD8 T cells in limiting viral replication. Our present study demonstrated the importance of TCF1 during LCMV chronic infection as a positive regulator of CD8 T cell proliferation and cytokine production. We further analyzed the molecular signatures of TCF1 regulation and confirmed a distinct transcriptional landscape of exhausted TCF1-deficient CD8 T cells compared to exhausted WT CD8 T cells during LCMV chronic infection.

In both conventional (*Tcf7*^fl/fl^-CD4Cre) and inducible (*Tcf7*^fl/fl^-ERT2Cre) TCF1 knock-out models, the TCF1 deficiency significantly reduced the number of viral-specific CD8 T cells during LCMV chronic infection. The decreased expression level of the anti-apoptotic marker Bcl2 and the upregulation of a series of apoptosis-associated genes. A BrdU incorporation assay demonstrated that a TCF1 deficiency sharply inhibited exhausted CD8 T cell proliferation. The decreased frequency of cytokine-producing CD8 T cells in the TCF1-deficient group may be associated with the reduced population of viral-specific CD8 T cells to some extent. Nevertheless, the MFIs of cytokine (IFNγ, and TNFα) and degranulation markers (CD107, and sometimes Granzyme B) were significantly decreased in the positive population of Tcf7^−/−^ CD8 T cells, confirming that the TCF1 deficiency impaired the cytokine production capacity of viral-specific CD8 T cells during chronic viral infection. Based on previous reports, Id2, and Id3 interact with each other in balancing the effector and memory function of CD8 T cells during acute infection. In addition, the Blimp1-Id3-E2A axis plays a crucial role in regulating the terminal differentiation and memory establishment of T cells ([@B39], [@B40]). In the present study, we observed dramatically enhanced expression of Id2 and deceased transcriptional level of Id3 in Tcf7^−/−^ CD8 T cells compared to that in WT CD8 T cells. We speculate that TCF1 may regulate exhausted CD8 T cell effector function during chronic infection via influencing the equilibrium of Id2/Id3 ([@B41]), which needs to be further investigated to determine whether these hypothetical mechanisms function in regulating exhausted CD8 T cell responses during viral chronic infection. In addition, viral loads were significantly higher in mice infected with LCMV Cl13 and after ruling out CD4 T cell influence via GK1.5 depletion. The overexpression of TCF1 in viral-specific CD8 T cells, as well as upregulating TCF1 expression by BIO treatment, reduced the PD1^+^Tim3^+^ population in viral-specific CD8 T cells and significantly increased the expression of CD107, IFNγ, and TNFα. Taken together, these results indicated that TCF1 is crucial for CD8 T cells in limiting viral replication and conserving viral-specific CD8 T cell effector functions during LCMV chronic infection. Moreover, modulation of the TCF1 pathway may be a promising strategy to improve CD8 effector function during chronic viral infection.

In conclusion, we have established the curial role of TCF1 in the regulation of exhausted CD8 T cell effector function during chronic viral infection via retaining its proliferation capacity and cytokine-producing ability. These findings provide the novel possibility to reinvigorate exhausted CD8 T cell effector functions, which is important for controlling chronic infectious diseases and cancers.
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